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1. General overview of research project and its components. During its four year life span, the original
research thrust of the present research project, as expressed by its title above, has expanded
considerably as to encompass various other aspects of the dynamics, control and stability of large
space flexible structures. A main common theme which has weaved together in a coherent unity the
different facets of research under thé present project, is the issue of (uniform) exponential decay
rates of the underlying dynamics, which are sought by means of suitable feedback operators
exercised on the boundary (or part thereof) of the structures. This ultimate achievement may
acquire two distinct forms or modes: it may either result through a boundary feedback explicitly
given, or found, a priori; or else through a boundary feedback which is based on the Riccati operator
solution of the Algebraic Riccati equation associated with the corresponding optimal quadratic cost
problem ov'er'an infinite horizon. The Principal Investigators, after solving the original problem of
the title -- which had been raised of the NASA Workshop held at the Langley Research Center in
April 1982 -- have proceeded to investigate other aspects of the dynamics, stability and control of
canonical components of large space flexiblc structures (membranes, beams, plates etc.). Our
research efforts encompass a broad range of theoretical and numerical studies. Numerical

investigations were primarily targeted for the computation of the Riccati operator via finite
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dimensional approximations. 89 C! 2 1 5 1 Iv

We list below a sample of problems that were specifically investigated under the AFOSR grant,
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. AFOSR - TR. 89-0211

along with a summary of the major findings that were obtainfd. Reference to the original research
articles, where a full treatment may be found, is also given. ) Major themes of research performed

under the grant ‘mclude;)but are not restricted to, the following problems:

(;a Sl) increasing the margin of stability of arbitrarily finite modes of damped wave equations.

Allocation of spectrum and of Riesz basis properties of eigenvectors;

(t,ﬁ) Uniform stabilization (linear case) and strong stabilization (non-linear case) by a-priori,

explicit boundary feedbacks for waves and plates;
(‘gi) exact boundary controllatility for waves and plates;

(i»v) study of the optimal quadratic cost problem for waves and plates, in particular of the
associated Algebraic Riccati Equation which produces a boundary feedback based on the

2
Riccati operator which uniformly stabilizes the system [compare with (t{'}f,

() structural damping for elastic systems under a natural, broad class of damping operators. - of
” J

1) numerical aspects related to some of topics listed above, in particular related to the
computation of the Riccati operator in case of boundary control problems for waves and

1 (14 B e
plates , y

We finally point out that the AFOSR grant has supported a graduate student, Jerry Bartolomeo, who is
now completing his Ph.D. thesis (Ph.D. degrce in Mathematics, University of Florida, Gainesville,
expected December 1988) in the area of uniform stabilization for a class of plates problems by means of

explicit boundary feedbacks (topic (ii) above).

2. Specific results
2.1 Increasing the margin of stability of arbitrarily finite modes of damped wave equations with viscous




damping. Use of a non-local, explicit boundary feedback consisting of one boundary actuator and two

interior observation functions(L-T.3], [L-T.4], {T.6], (B.1]

This is the original research project for which a rather complete theoretical solutions is given in [L-T.3],
[L-T.4], {T.6] with some numerical testing reported in [B.1] and performed by our graduate student J.
. Bartolomeo. It was shown that the problem raised at the NASA Workshop in 1982 admits an affirmative
answer, which is moreover given in a constructive manner with implementable numerical algorithms. A
related, in fact more general problem which was solved in (L-T.4], consists in pre-assigning desirable
spectral properties of the closed loop feedback system: i.e. both the location of the spectrum (subject to
certain necessary constraints) as well as forcing the corresponding eigenvectors to form a Riesz basis.
This way, a unified framework is produced whose solution encompasses various other cases previously

considered by the Principal Investigators and others.

2.2 Boundary feedback stabilization

Linear case: uniform stabilization. The principal investigators results on uniform stabilization for the
wave equation with feedback in the Dirichlet boundary conditions was already noted above (L-T.1]. In
addition we cite a new proof which provides further insight into J. Lagnese’s result on uniform
stabilization with feedback in the Neumann boundary conditions given by the principal investigators in
[T.1]. Work on uniform stabilization for certain plates is part of a Ph.D. thesis by J. Bartolomeo [B-T.1].
Uniform stabilization for other plates was considered in [L-T.12]. A sharp result on the lack of uniform

stabilization was also achieved in [T.3] and [T.4).

Nonlinear case; strong stabilization. Strong stabilization results by the principal investigators for waves
and plates with nonlinear boundary damping defined by monotone functions are given in (L.1 - L.3 ].
These results exterid, by means of a general technique applicable to spatial domains of any dimension,

recent results of the literature obtained only in the one-dimensional case.

Nonlinear case: uniform exponential stabilization. The following question is addresscd and solved in
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[L.2]: does a linear stabilizing feedback operator provide a robust mechanism (at least locally) in the
presence of nonlinear undesirable perturbations? An affirmative answer is given and applied to waves

and plates in feedback form.

2.3 Exact boundarv controllability for waves and plates

Waves It was already noted in Section I of the research proposal (continuation) submitted to the AFOSR
in January 1987, that the first time that exact controllability of the wave equation with Dirichlet boundary
control was obtained in its natural state space was in the principal investigators’ paper [L-T.1], as a
corollary of a related uniform stabilization result. Further contributions followed, by J. L. Lions and his
associates, and by the principal investigators, see [T.2]. More recent contributions by the principal
investigators include a rather thorough study of exact boundary controllability of wave equation with
Neumann boundary control [L-T.3], and a .study of these questions when the equation contains damping

[T.3].

Plate eguations In a recent paper [L-T.7 , first announced in [L-T.6), the principal investigators have
solved an open problem, raised by J. L. Lions, on exact controllability of a plate equation with control
action only in the Dirichlet boundary conditions, while the corresponding Neumann boundary conditions
are homogeneous. Further work by the principal investigators on plates with different boundary
conditions is included in (L-T.9] (maximal, optimal regularity) and in {L-T.8] (exact controllability). The
case with damping is also under study with preliminary results announced at the International Conference

on Differential Equations held at Columbus, Ohio, March 1988, see [T.5].

2.4 Optimal quadratic cost problem over an infinite horizon

The principal investigators have recently completed, in collaboration with F. Flandoli, a rather thorough
and comprehensive study on the optimal quadratic cost problem over an infinite horizon for an abstract
unifying model which includes waves and plates [L-T.5]. This work extends prior work by the principal

investigators on the same problem for wave equations with Dirichlet boundary control (SIAM J. Control,




1985).

2.5 Structural damping for elastic systems

As already noted in the proposal (continuation) submitted to the AFOSR in January 1987, work by the
primcipal investigators in collaboration with S. Chen, has succeeded in proving two conjectures, raised by
G. Chen and D. Russell in 1985, that if the damping operator behaves like A" (in a technical sense),
where A is the elastic operator, then the elastic system displays structural damping, see [C-T.1]. Further
work by the same authors shows that the same conclusion holds if the damping operator behaves like A%,
14 £ a, see [C-T.2]. Indeed, even a more general result holds true. The result is false if, instead, 0 < o <

.

2.6 Numerical aspects

Work in the area of numberical analysis can be divided into two parts, reviewed separately below.

(i) Numerical approximations of Riccati equations. The ultimate goal of proving exponential
stability, which is uniform with respect to the parameter of approximation, of stabilizing
fcedbacks based on the algebraic Riccati equations was achieved by the principal
investigators in the case of arbitrary analytic semigroups with (strongly) unbounded
feedbacks, see [L-T.10-11]. Examples include parabolic equations with Dirichlet boundary

controls and strongly damped wave equations with boundary control.

(i) Numerical schemes for the computation of the solutions of wave equations with rough
(nonsmooth) data. Convergence and stability of the algorithm, along with numerical

illustrations and examples are obtained in [L-S.1-2).




References

[B.1] J. Bartolomeo, "Numerical implementation of spectral assignment theory for damped
wave equations by boundary feedback”.

[B-T.1] J. Bartolomeo and R. Triggiani, "Uniform stabilization of Euler-Bemoulli equations
with Dirichlet-Neumann boundary feedbacks", 1988.

(C-T.1] A S. Chen, R. Triggiani, "Proof of two conjectures of G. Chen and D. Russell on
structural damping for elastic systems: The case o= 1/2,"
Springer-Verlag Lecture Notes in Mathematics, to appear. Also, Proceedings of First
Communication Control Conference, Washington, D.C., June 1987, to appear.

[C-T.2] S. Chen, A R. Triggiani, "Proof of extensions of two conjectures on structural damp-
ing for elastic systems: the case 1/2 < o< 1", Pacific J. of Mathematics, to appear.

fL.1] I. Lasiecka, "Strong stabilization of a nonlinear wave equation with dissipation on the
boundary and related problems", Recent Advances in Communication and Control
Theory, R.E. Kalman, et al., pp. 194-213, Optimization Software Inc., Publication
Division, New York, 1987 '

(L.2] I. Lasiecka, "Boundary stabilization of hyperbolic and parabolic equations with non-
linearly perturbed boundary conditions", J. Differential Equations, to appear.

[L.3] I. Lasiecka, "Exponential local stability of first order strictly hyperbolic systems with
nonlinear perturbations on the boundary”, to appear in Lecture Notes in Control Sci-
ences, Springer-Verlag.

[L-S.1] I. Lasiecka and J. Sokolowski, "Finite element approximations of wave equation with
Dirichlet boundary data defined on a bounded domain in R (jointly with P. Neittean-
maki)". Lecture notes in Control and Information Sciences, vol. 102. Distributed
Parameter Systems, ed. by F. Kappel et al., Springer-Verlag, 1987, pp. 216-234

[L-S.2] I. Lasiecka and J. Sokolowski, "Regularity and strong convergence of variational
approximations to nonhomogeneous Dirchlet hyperbolic boundary value problems”,
SIAM Joumal of Mathematical Analysis, to appear.

(L-T.1] I. Lasiecka and R. Triggiani, "Exponential uniform energy decay rates of the wave
equation in a bounded region with L;(0,%; Ly(T) - boundary feedback in the Diri-
" chlet Boundary Conditions”, J. Diff. Eqts., vol. 66, pp. 340-390, 1987.

{L-T.2} L. Lasiecka and R. Triggiani, "Finite rank, relatively bounded perturbations of semi-
group generators. Part I: well-poscdness and boundary feedback hyperbolic dynam-
ics”, Annali Scuola Normale Superiore, Pisa, Classe di Scienze, Serie IV, pp. 61-668,
198s.

(L-T.3] I. Lasiecka and R. Triggiani, "Exact controllability for the wave equation with Neu-
mann boundary control,” Applied mathem. & Optimiz., to appear.

{L-T4) 1. Lasiecka and R. Triggiani, "Finite rank, relatively bounded perturbations of

_




semigroups generators. Part II: Spectrum and Riesz basis Assignment with applica-
tions to feedback systems," Annali Matematica Pura e Applicata (iv), vol. CXLIII,
pp. 47-100, 1986.

(L-T.5] I Lasiecka and R. Triggiani "Algebraic Riccati equations with non-smoothing obser-
vation arising in hyperbolic and Euler-Bemoulli boundary control problems (joindy
with F. Flandoli)", Annali Mathem. Pura e Appl,, to appear.

[L-T.6] I. Lasiecka and R. Triggiani, "Exact controllability of the Euler-Bernoulli equation
with L2(3) - control only in the Dirichlet boundary conditions”, Atti della
Accademia Nazionale dei Lincei, Rendiconti Classe di Scienze fisiche, matematiche
e naturali, vol. LXXXI, Roma, August 1987.

[L-T.7] I. Lasiecka and R. Triggiani, "Exact controllability of the Euler-Bernoulli equation
with controls in the Dirichlet and Neumann boundary conditions: a non-conservative
case”, SIAM J. Control & Optimization, to appear.

[L-T.8) I. Lasiecka and R. Triggiani, "Exact controllability of the Euler-Bernoulli equation
with boundary controls for displacement and moments".

(L-T.9] I. Lasiecka and R. Triggiani, "Regularity theory for a class of Euler Bemoulli equa-
tions: a cosine operator approach,” Bollettino Unione Matematica Italiana,
December 1988.

[L-T.10] I Lasiecka and R. Triggiani, "The Regulator Problem for Parabolic Equations with
Dirichlet Boundary Control; Part I: Riccati’s Feedback Synthesis, and Regularity of
Optial Solutions,” Applied Math and Optimization, vol. 16, pp. 147-168, 1987.

[L-T.11] I Lasiecka and R. Triggiani, “"The Regulator Problem for Parabolic Equations with
Dirichlet Boundary Control; Part II: Galerkin Approximation,” Applied Math and
Optimization, vol. 16, pp. 187-216, 1987.

{L-T.12] I Lasiecka and R. Triggiani, "Uniform stabilization of Euler-Bemoulli equations by
boundary feedback in the bending moment", to appear.

(T.1] R. Triggiani, "Wave equation on a bounded domain with boundary dissipation: an
operator approach,” J. Mathem. Anal. & Applic., vol. 108, pp. 283-310, also in
Recent Advances in Communication and Control Theory, honoring the sixtieth
anniversary of A. V. Balakrishnan (R.E. Kalman and G. 1. Marchuk, Eds.), pp. 242-
286, Optimization Software (New York 1987).

(T.2] R. Triggiani, "Exact boundary controlability on L2(Q)xH™' () for the wave equa-
tion with Dirichlet control acting on a portion of the boundary, and related prob-
lems", Applied Math. & Opt., to appear. Also Springer-Verlag Lectures Notes in
Control Sciences, vol. 102, pp. 292-332, Proceedings of 3rd International Confer-
ence, Vorau, Austria, July 6-12, 1986.

{T.3] R. Triggiani, "Finite rank, relatively bounded perturbations of semigroup generators.
Part IIl: A sharp result of the lack of uniform stabilization", Proceedings of First
Conference on Communication and Control Theory, Washington, D.C., June 1987, to
appear. Proceedings (Springer-Verlag Lecture Notes) of international conference to

NN




(T.4]

(T.5]

(T.6]

be held at INRIA, Antibes, France, June 1988, to appear.

R. Triggiani, "Lack of uniform stabilization for non-contractive semigroups”,
Proceedings Amer. Mathem. Soc., to appear.

R. Triggiani, "Exact controllability of wave and Euler-Bernoulli equations in the
presence of damping, Proceedings of International Conference on Differential Equa-
tions held in Columbus, Ohio, March 21-15, 1988; also Proceedings of International
Workshop "Twenty years of control theory", held at University of Rhode Island, June
1988.

R. Triggiani, "Improving stability properties of hyperbolic damped equations by
boundary feedback”. $pv"-?v- Verbag LMCIS 1885, Loo-403




